In order to survey history and state of art of theoretical and kinetic studies of gas electrode reaction on solid oxide electrolyte, overview was made on the research works reported by the author and his co-investigators. Through reviewing their works, frontier of research is clarified. It was shown that electrode reaction is controlled by nonfaradaic chemical reaction process, and the nature of the overpotential is the chemical potential deviation of the interface from equilibrium state. Mechanical stress at the electrode/solid electrolyte interface is considered varying with the overpotential. Importance is emphasized for mechano-electrochemistry, the field to study the relationship of electrochemistry and mechanical property of the electrochemical cells.
Introduction
From early stage of basic researches for application of solid oxide electrolytes such as stabilized zirconia and doped ceria, reaction kinetics of the gas electrodes on solid electrolytes has been one of the major issues in the field of solid state ionics. It was already known that the performance of solid state electrochemical cells such as fuel cells, steam electrolyzer, oxygen pumps and chemical sensors are strongly affected by the chemical components and morphology of electrode materials of the gas electrodes in these cells. To improve the electrode performance, kinetic of the electrode reaction is very important because it tells the important points of the electrode structure to enhance the electrode performance and thus give us the direction how to improve the performance. Variety of research groups were involved to reveal the gas electrode kinetics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] However, in the late 1970s when the author and the co-investigators started studies on the kinetics of solid electrolyte gas electrodes, independent research groups proposed different reaction models and no research group succeeded to explain the performance of fuel cells and chemical sensors under the same theorem.
For the first, the author aimed to explain the electrochemical performance of Pt electrodes on stabilized zirconia and the response of potentiometric oxygen gas sensors utilizing Pt electrode and stabilized zirconia electrolyte, and started the series of studies. [16] [17] [18] [19] [20] Then, the work extended to variety of areas. The results are reported mainly in reviewed regular papers. However, some important results are published only in proceedings papers. [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] Most of these proceedings papers are in preliminary forms but a few of them turned to be the final ones because they were published in volumes of monographs or commercialized books. [60] [61] [62] [73] [74] [75] [76] Some of the proceedings papers are comprehensive ones. 61, 75 The author has also published several review papers in journals and as chapters of books [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] on the studies of electrode reaction kinetics. However, these review papers tended to focus on the limited topics such as the first kinetic model by the authors for platinum electrodes, selected topics for new kinetics and phenomena of SOFC electrodes, and some new techniques for kinetic studies. The overview for the whole works of the author and the coinvestigators for the electrode reaction kinetics has not yet been made.
The purpose of this comprehensive paper is to show the overview of the research works of the present author and his co-investigators on the variety of electrode reaction kinetics, relaxation processes, and new tools, with the precise references for easier access to the original and detailed reports on iterative topics. Through this review, direction for the future important research area will be revealed. Table 1 summarizes the whole studies of the present author and his co-investigators by the number of the papers in the references; the items in the column show the materials and components of the gas electrodes and those in the row show the applied experimental techniques as well as the proposed models in the iterative papers. Figure 1 shows the schematics of the electrode reaction path discussed in this paper with the list of gaseous components, electrode materials, electrode morphologies, electrolytes, interlayers, and proposed models listed in Table 1 .
Some of the research works by the groups other than the present author's were quite important for the present author to establish the proposed reaction models in Table 1 . These works are listed in the references. [90] [91] [92] [93] [94] [95] [96] Recently, there are many review papers published on the SOFC electrode materials and reactions. Here, the reviews by Adler 97 and by Tsipis, Vladislav and Kharton 98 are listed in the reference as the representative examples. Table 1 . Materials, tools and properties of solid electrolyte gas electrodes studied by the present authors for kinetics studies. The iterative studies are indicated by the reference numbers. Ref. 75 is not listed in the table because it is the review paper with the discussion on the Butler-Volumer equation.
CO-CO2
39,65 In Table 1 and Fig. 1 , there is no charge transfer process explicitly shown. The author have concluded that the rate limiting process of the solid electrolyte gas electrode reaction is nonfaradaic chemical process. This conclusion was led from the following two types of consideration: One is phenomenological insight 19, 60, 75, 89 and another is the reconsideration of the ButlerVolmer equation. 75, 87, 89 2.1 Phenomenological consideration; aqueous vs. solid electrolyte electrode reaction Let us consider a reactant gas molecule adsorbed on the surface of electrode and dissociated on the surface to form ad-atoms. The adatom vibrates on the surface and the bonding length with the lattice atoms just below the layer of adsorbed atoms may vary with the vibration. We call these lattice atoms as the surface atoms here after. The magnitude of this vibration is considered much larger than that between the lattice atoms. When the bonding between the ad-atom and the surface atom is as short as that between the lattice atoms, strong charge transfer may take place between the ad-atom and the surface atom nearest to the ad-atom. When the bonding length becomes long, the bonding becomes weaker and the charge transfer becomes weaker. When the ad-atoms are incorporated in the bulk of oxide electrode, they are surely fully ionized. When they diffuse on the surface, they vibrate between the ionized state and the state rather close to the atomic state. That is, charge transfer takes place rather easily on the solid electrolyte gas electrode system, simultaneously with the adsorption without particularly large excited state. This is quite different from the case of aqueous electrode where charge transfer process is considered often the rate limiting one and the most activated point in the reaction path. The difference is caused by the hydration of ions in aqueous systems. To exchange charges with the electrode, the ions in aqueous solutions comes out from hydrated state. After charge transfer, it goes back to hydrated state again. These dehydration-rehydration process takes place simultaneously with the charge transfer. The process may require highly activated state. In short, the electrode reaction rate controlled by the charge transfer reaction process may be a characteristic phenomenon to polar solvents. 19 
Physical meaning of Butler-Volmer type relationship 2.2.1 Conventional understanding
In spite of the above consideration, not a few researchers still conclude the solid electrolyte gas electrode reaction controlled by charge transfer reactions. It may be because the observed reaction rate apparently obeys the Butler-Volmer equation and conventional text books of electrochemistry usually tell that the reaction is controlled by the charge transfer process at the electrolyte-electrode interface when the Butler-Volmer equation holds.
Some example of polarization curves are shown in log «i« vs. E plot in Fig. 2 . 65 Here, i is current density and E is the electrode potential. Each polarization curve shows "Y" shape in the logarithmic scale. In each "Y" shaped polarization curve, the left side current is actually negative. The potential corresponding to the sharp bottom of "Y" is considered the equilibrium potential, E eq , for the gas composition corresponding to the representative polarization curve. You may easily find that the current vs. E relationship apart from the equilibrium potential essentially obey Tafel equation,
where, a and b are constants and
is called overpotential. Since both anodic and cathodic polarization in Fig. 2 follow the Tafel equation, you may find that the polarization curves in Fig. 2 can be fitted to the Butler-Volmer equation given by
where i 0 is a constant called exchange current, A is a constant called a transfer coefficient and n is the number of electrons exchanged in the rate determining charge transfer reaction. Then, in spite of the discussion in 2.1, people tend to be driven to believe that the rate determining reaction is the charge transfer one. Some people may find that the data in Fig. 2 deviates considerably from Eq. (3). Such the further discussion is, however, beyond the scope of the present paper. Details were given in Ref. 65 . (Color online) Typical examples of steady-state electrode polarization curve (logarithm of current vs. electrode potential relationship) for gas electrodes. 65 In each "Y" shaped log «i« vs. E curves, the left side current is actually negative. A three-terminal method was used for the polarization measurements; the working electrode was porous Au electrode on YSZ and the counter and reference electrodes are porous Pt in controlled O 2 (g) atmospheres.
The electrode potential in the figure was obtained after compensation of the electrolyte resistance. The detailed calculation procedures for the electrode potential were given in Ref. 19 . 
and
where v is the reaction rate, k and kB are reaction constants and a A , a B , a C and a D are activities of A, B, C, and D, respectively. You can rewrite the activity of chemical species X (X = A, B, C, D) by the chemical potential of X, L X , by the equation
where L X o is the chemical potential of X at the standard state at which a X is defined as unity. Using chemical potential in Eq. (6), we can rewrite Eq. (5) as follows.
Using, chemical potential in Eq. (6), Gibbs free energy change ¦G for the reaction in Eq. (4), can be expressed by
Here, U is the Nernst EMF of the cell if you prepare the electrochemical cell using the reaction in Eq. (4), and z is the molar number of electrons which contribute the reaction in Eq. (4) . When the reaction is in equilibrium, ¦G is zero and v = 0 as well. That is, from Eq. (7), we have
When ¦G is negative, Eq. (8) proceeds. ¦G becomes negative either the chemical potential of the reactant increases or the chemical potential of the product decrease. In other words, when we give ¦G to proceeds the reaction, a portion A of ¦G contributes to increase the chemical potential of the reactants and the other portion (1 ¹ A) to decrease the chemical potential of products. Then, we can rewrite the rate equation as
Equation (10) is identical to Eq. (3), showing that the rate of any chemical reaction can be expressed in terms of the Butler-Volmer type equation.
When we apply this equation to the gas electrode half-cell reaction, ¦G is the difference in the oxygen chemical potential under equilibrium and under steady-state electrochemical reaction. This can be measured from the chemical overpotential described next. Figure 3 shows the schematic model for the system with a gas electrode as the working electrode, WE, and a reference electrode, RE, under cathodic polarization. Under equilibrium condition, P(O 2 ) in the gas phase and oxygen activity, a O , in the solid electrolyte, SE, at WE/SE interface is in equilibrium:
Physical meaning of overpotential 19
. Under a steady-state polarization, a O is different from a O (eq). On the other hand, a O at the RE/SE interface is always in equilibrium with
is well defined and the RE electrode is highly active to keep equilibrium between the gas-phase of RE and RE/SE interface, in other words, RE behaves ideal.
When the potential of gas phase of RE,
1/2 . Then, the difference in the equilibrium state and the steady state can be observed by the difference between a O (RE) and a O (WE), or the potential difference, G, between WE and RE.
We may call this overpotential as chemical overpotential, G chem .
Under the stady-state polarization, an electrostatic potential difference due to oxide ion transport appears between the WE interface and RE interface, similar to the procedures in aqueous electrolyte electrodics. Therefore, ohmic resistance compensation is necessary in the analysis of experimental data. 19, 30, 77, 80 When P(O 2 )(ref ) is set different from P(O 2 ) of the reactant gas at WE, compensation for the difference is necessary to attain the correct G chem .
Standardized Experimental Procedures and Fundamental
Techniques for Study of Gas Electrode Kinetics in Solid Electrolyte System 3.1 Importance of gas phase chemical potential control and reference electrode atmosphere After the initial works, 16 ,17 the author and co-investigators found a very high probability for the reaction at the gas electrode to be controlled by non-Faradic chemical processes. That is, chemical parameters are very important, as described in 2.3. Then, all the experimental works by the present author's group have been done under carefully controlled atmospheres. When the three-terminal method was employed, particular care was paid so as to keep the atmosphere of reference electrode under well defined conditions. When the performance of the counter electrode, CE, is poor, large polarization would take place at the CE/Solid Electrolyte (SE) interface, resulting in large chemical potential deviation in the electrolyte near the CE/SE interface. This deviation may eventually affect the chemical potential in the vicinity of RE.
Ironically, RE and CE are required theoretically to behave ideally, that is, better than working electrode. Discussion on the performance of reference and counter electrodes was made in several papers, 19, 27, 30, 35 particularly in relation to gas sensors, 18, 26, 28, 39 and new techniques. 40, 51, 68 Gas phase chemical potential is sensitive to impurity gas particularly when the reactant gas is much diluted or gas mixing Electrochemistry, 82(10), 819-829 (2014) ratio of oxidant and reductant gases is very far from unity. Therefore, gas flow rate is one of the important parameters to estimate the effect of impurity gas contamination from tubing system. 26, 28 3.2 Fundamental electrochemical techniques employed in the present researches Similar to conventional studies on aqueous electrolyte systems, fundamental techniques are steady state polarization measurements and transient or relaxation techniques. Most of the research works were done using three-terminal methods. For polarization, galvanostatic as well as potentiostatic methods were employed according to the circumstance of experimental set-up and experimental procedures. For example, when there was difficulty in preparing the high performance stable reference electrode, galvanostatic technique was employed and careful measurements with high input impedance electrometers were made on the EMF between WE and RE. 40, 51 When current interruption is required after the steady state being attained, galvanostatic methods were also employed. 41 Ac impedance spectroscopy was also frequently used. In early stages, impedance methods are applied only for the conditions without dc current. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [60] [61] [62] With the improvement of impedance analyzers, ac impedance measurements were going to be applied under dc bias as well as non-bias conditions. For the evaluation of impedance, the author's group essentially considers three types of parameters.
The first type is the steady-state parameters, wire resistance, bulk electrolyte resistance, and the resistance due to electrode reaction process, R E . For the evaluation of stead-state electrode reaction process, electrode reaction resistance is usually employed. The author considered it better to use the reactivity of the electrode for the evaluation. Reactivity is considered proportional to conductance, inversely proportional to resistivity. Then, the author proposed to use the inverse of electrode resistance for a unit area of the electrode/electrolyte interface, naming it as electrode interface conductivity, Q E . That is,
where A is the area of the electrode/electrolyte interface. 16, 19, 60 Others are time dependent polarization phenomena. One is related to the current decay observed after the application of potentiostatic polarization potential. It can be described by the capacitive component of the ac electrode impedance. The other is related to the current increase with time observed after the application of potentiostatic polarization potential. It is related to the inductive component of the ac impedance. The author often discusses the capacitive component for the electrode process, expressed by C E , to describe the chemical reaction controlled kinetics, namely chemical capacitances. [16] [17] [18] 60 Further details will be described in the sections 4 and 5.
The electromotive force, EMF, of the cell and its time change was found to give also very important parameters of electrode kinetics and key issue to solve the reaction mechanism. 18, 26, 28, 35, 39, 43, 60, 65 3.3 Morphology as controllable parameter for electrode kinetic study As shown in Fig. 1 , the reaction path in the electrode differs by electrode materials, electrolyte materials, and reactant gases. Particularly large effect appears by the electrode morphology of porous electrodes. In order to elucidate these reaction paths, one of the best ways is to compare the electrochemical data as functions of morphological parameters of the electrodes or electrode/ electrolyte interfaces. Also, the author found that C E and the related relaxation phenomena are very sensitive to the electrode morphology. [16] [17] [18] [23] [24] [25] [26] 28, 60 Several original approaches were made by the present author. Details are discussed in the sections 5 and 7. 4.1.2 Effect of oxygen nonstoichiometry of electrode oxide on surface diffusion As the reaction proceeds, the oxygen chemical potential gradient on the surface gradually affects inside of the electrode materials. 41 In La 1¹x Sr x MnO 3+D , nonstoichiometry varies under ordinary to slightly reduced atmospheres in the range of roughly ¹0.01 < D < 0.17.
99
The defect in apparently oxygen excess composition is La vacancy while that in oxygen deficient composition is oxygen vacancy. 99 Under the condition that the nonstoichiometry variation in La 1¹x Sr x MnO 3+D is negligibly small, we find that Q E is proportional to P(O 2 ) 1/2 . 22, 44, 45, 66, 70 With the increase in oxygen content, Q E becomes smaller than the value expected from the P(O 2 ) 1/2 relationship. 44, 45, 66 Similarly, ac impedance measurements under polarization revealed that Q E varies with not only the gas phase P(O 2 ) but also by the electrode potential determined by the chemical overpotential defined by Eq. (11). 45, 70 The lattice parameter decreases with the increase in oxygen content, irrespective of defect species. 100, 101 It is considered that the lattice parameter decrease is related to the decrease in the surface diffusivity of O ad . With the decrease in the bonding length, the bonding becomes stronger. Then, more activation energy is required for the migration of O ad , resulting in the decrease in diffusivity. Other nonstoichiometry effect will be discussed in 4.3 and 5.
Reaction between adsorbed species across
TPB; 25, 26, 30, 35, 37, 43 reaction with Pt electrode and stabilized zirconia electrolyte under reduced atmospheres Under reduced atmospheres with CO-CO 2 or H 2 -H 2 O, the coverage of O ad on the surface of Pt becomes low. Then, to progress the redox reaction, H ad or CO ad on Pt must pick up oxidant species from the oxide electrolyte surface across TPB. When the electrolyte is stabilized zirconia, SZ, the adsorbed species in reduced atmospheres with CO-CO 2 is O ad at the higher P(O 2 ) and adsorbed carbon, C ad , in the lower P(O 2 ). 25 In the H 2 -H 2 O atmospheres, the adsorbed species on SZ is O ad , OH ad , and H 2 O ad from the higher to the lower P(O 2 ). 30 The concluded rate determining reactions taking place between the adsorbed species on Pt surface and that on SZ surface across the TPB for CO-CO 2 at 800-1000°C are oxygen exchange under ordinary CO-CO 2 conditions and carbon exchange Electrochemistry, 82(10), 819-829 (2014) across TPB at the conditions close to carbon deposition. 25 In the H 2 -H 2 O atmospheres, OH exchange between the adsorbed species on Pt and SZ becomes the rate determining step. 30 The important model employed in this analysis is the following hypothesis; Let us consider the cross section of two surface X and Y to form the TPB composed of gas phase, surface X and surface Y. Species A adsorbs on X with the coverage H A (X) and species B adsorbs on Y with the coverage H B (Y). A and B can collide each other only at the TPB where the two surface meet together. The hypothesis is that, when the surface coverage is H, the one dimensional density at the edge of the surface would be H
1/2
. That is, the rate of the reaction between A and B at the TPB of XY surfaces would be proportional to
Based on this hypothesis, i-V relationship and Q E for the porous Pt/SZ electrode in CO-CO 2 and H 2 -H 2 O environments were well described assuming Langmuir type adsorption of the expected species on Pt and SZ surfaces. 25, 30 Figure 4(a) shows the reaction scheme.
Very interestingly, the i-V relationships observed with CH 4 -H 2 O gas mixtures show similar behavior with those in H 2 -H 2 O atmospheres. 35, 37, 43 Assuming that the decomposition and partial oxidation of CH 4 as well as shift reaction take place on Pt surface as shown in Fig. 4(b) , Onuma, the author and other members succeeded to explain the reactions, showing that the rate determining reaction is the same to that in H 2 -H 2 O system, i.e. the reaction between the adsorbed species on Pt and those on SZ across TPB.
Surface reaction (dissociative adsorption)-electrode bulk
diffusion-electrode/electrolyte interface Along with the reaction path via surface diffusion shown by route (1), oxygen atoms diffuse in the electrode as shown by route (3) in Fig. 1 . When the electrode is metal, dissolved oxygen diffuses. In oxides, oxygen atoms diffuse in the form of oxide ions or, in some cases, counter anions 101 and electrons. The diffusion mechanism is called chemical diffusion. Whether the bulk diffusion path predominates or the surface diffusion path predominates is determined by the ratio of surface vs. bulk in the magnitude of diffusivity and also in the length of TPB vs. the area of close contact at the electrode/electrolyte interface. When the electrode is designed to have fine structure so that the interface has relatively smaller contact area and longer TPB, the surface diffusion path may predominate. When the electrode particles experience grain-growth, TPB length decreases while the contact area with SZ surface increase. Then, the bulk diffusion path shows more contribution for oxygen transport between gas phase and electrolyte via electrode. However, it was not easy to distinguish experimentally the reaction path whether via bulk or via surface. The best way to evaluate the contribution of the bulk diffusion path is to prepare the electrode which has no TPB, namely, the dense layered electrode. It was, though, very difficult to prepare and maintain dense electrode at the working high temperatures under varying oxygen potential and/or electrode potential.
The first success to observe the electrode reaction taking place via the bulk diffusion path was done by the present author and his co-workers on La 1¹x Sr x MnO 3 film electrodes prepared on PSZ (3 mol%Y 2 O 3 doped ZrO 2 ) by Pulsed Laser Deposition (PLD) technique, 33 with the courtesy of NKK company. Experimental work itself was done in early 1991.
Following the first work, many groups, including the author's, started the study of electrode reaction kinetics using the dense PLD oxide film prepared on oxide electrolytes. When the electrode oxide is highly nonstoichiometric with large amount of defects on oxygen sublattice, the bulk diffusion through the electrode is the predominant reaction path. Typical examples are La 1¹x Sr x CoO 3¹D 38, 40, 50, 64, 68 in oxidizing atmospheres and doped CeO 2 55 in reduced atmospheres.
Models for Chemical Capacitance and Time Dependent Properties

Chemical capacitance and its origin 5.1.1 Oxygen dissolution and oxide nonstoichiometry
In the potentiometric gas sensors with porous electrodes, the EMF of the sensor is determined by the difference in the chemical potential of gaseous component between the reference and working gas electrodes. In oxygen gas sensor for combustion control, EMF is determined by the difference in L O between the combustion gas/ porous Pt working electrode and the air/porous Pt reference electrode both on a SZ electrolyte. At the interface of a certain electrode particle and the electrolyte surface, the electrode transports electrons and the electrolyte transports ions along the plane. Therefore, the chemical relaxation along the interface of electrode particle/solid electrolyte is rather smooth and L O at the interface becomes homogeneous rather quickly. However, when gas phase composition changes or temperature changes and there appear a difference in L O between the gas phase and the electrode/solid electrolyte interface, it requires some rate process to re-attain the equilibrium between the gas-phase and the electrode/electrolyte interface. When difference exists in chemical potential between two points, some kind of chemical reaction or chemical diffusion, so to say chemical relaxation, will take place to equilibrate the chemical potential of these two points. That is, the response process of potentiometric chemical sensor associates chemical relaxation. When the response of the sensor is slow, there should be something along the interface which requires substantial chemical process and needs time to relax. The author struck this idea in the study of zirconia sensors in the early 1980's.
In the earliest papers of the author's group, Sasaki 17 compared the impedance of several porous electrodes of different materials including Pt, Ag, and La 0.5 Sr 0.5 CoO 3¹D . It was shown that C E values for La 0.5 Sr 0.5 CoO 3¹D and Ag were more than 10 ¹3 F cm ¹2 and were more than one order larger than those with Pt in various morphologies. Another interesting finding in this paper 17 was the characteristic shape of complex impedance plots. Porous Pt electrodes with small C E of the order less than 10 µF/cm 2 showed impedance arcs with almost complete half cycles while the impedance arcs for Ag and La 0.5 Sr 0.5 CoO 3¹D were depressed one with almost a quarter of a circle. In equivalent circuit, the former arc can be expressed by RC parallel circuit while the latter can be explained by RW parallel, where W is the Wurburg impedance representing diffusional process. In the relaxation process of Ag and 
Adsorption on the inner surface of closed pores
As to porous Pt electrodes, with further morphological insight, relationship between C E and the morphology of contact area of Pt/ YSZ became of interest. The value of C E for Pt paste electrode is much larger than that of Pt sputtered film electrode. Firing temperature and resulting morphology strongly affect C E ; well sintered coherent Pt/YSZ interfaces give smaller C E while highly porous but glass containing paste resulted in larger C E . The origin of C E for Pt/YSZ interface was concluded to be the closed pores at the interface and the specimen was considered to be the adsorbed oxygen on the YSZ surface facing the closed pore. 60 The closed pore model was confirmed by the Pt/YSZ interface with chemical modification on YSZ by HF 18 and on La 0.6 Ca 0.4 MnO 3¹D / YSZ interface with different sintering temperature 21, 23, 24 for O 2 atmospheres.
The impedance and sensor response measurements on Pt/YSZ in CO/CO 2 26 and H 2 /H 2 O 28 revealed a little bit different picture. That is, when the major component of environmental gas is switched from oxygen molecules to carbon oxides or hydrogen-steam, the chemical species in the pore seemed also switched to the respective gases. This means that "closed pore" is not completely closed but the gas in the "closed pore" seems gradually being exchanged with the outer gas phase, maybe through grain-boundaries or nano-pores connecting the "closed pore"s with outside. Figure 5(a) summarizes the origin of pseudo capacitance.
To obtain reliable reproducible data with porous Pt electrode in CO/CO 2 atmosphere, the author used well-sintered large grain, ³10 µm, Pt electrode on YSZ. With this electrode, we found clear Wurgburg-type impedance in CO/CO 2 atmospheres. 25 The relaxation was expected to take place along the interface of Pt/SZ. However, the obtained results rather indicated that rate determining process was chemical diffusion of oxygen in SZ. It may suggest that the rate of the relaxation process was determined by the relaxation of large closed pore at the interface, indicated in Fig. 5(b) by the black arrow. Figure 5 (b) schematically summarizes the chemical relaxation processes expected to take place in the porous electrode of potentiometric oxygen gas sensor after the abrupt gas phase chemical potential change. For the relaxation of L O in the metal electrode, dissolved oxygen content should be equilibrated by incorporating or releasing oxygen from the electrode, the nonstoichiometry of oxide electrode and solid electrolyte should also be equilibrated with oxygen incorporation or release. The expected close pores at the interface may be refilled and the inner surface oxygen adsorption should be re-equilibrated with incorporation or liberation of oxygen. These oxygen transport process between the gas phase and the electrode/electrolyte interface involves the rate process including the reaction at the triple phase boundary, the surface diffusion process of adsorbed species on the electrode or electrolyte, and surface adsorption-desorption process of electrode surface. That is, the chemical relaxation process of the electrode/ electrolyte interface requires the same process necessary for the electrode reaction of the fuel cells and electrolytic cells to proceed. The response of the potentiometric gas sensors are determined by the same chemical processes governing the other electrochemical cells.
Response of potentiometric sensor and chemical capacitance
Since the electrode potential variation accompanies chemical relaxation and hence the mass flow, in principle, we can obtain the rate equation of mass flow from the EMF variation of potentiometric sensors. Using adsorption isotherms for adsorbed layers and reaction rate equation for the chemical processes, the authors tried the analysis of EMF decay curve of sensor response. 60, 26 See the references 60 for detailed analysis and mathematical techniques. The simple conclusion is, the sensor response time J/s is roughly given by Q E /C E of the sensing gas electrode on SE.
5.3 Chemical capacitance as a tool of kinetic analysis and electrode property evaluation/anomaly in PLD film Schematic relaxation process in an electrochemical polarization of a gas electrode system is shown in Fig. 6 . During the relaxation, the nonstoichiometry of oxide electrode is considered to vary. This variation is considered to be accompanied by the oxygen incorporation or evolution to affect the P(O 2 ) in the gas phase at the gas electrode. The author confirmed such oxygen nonstoichiometry variation in the gas phase from the monitoring data of P(O 2 ) in the reactant gas flow by a zirconia oxygen monitor; 41 Porous La 1¹x Sr x MnO 3¹D electrode was prepared on SZ surface by slurry painting and the oxygen evolution and incorporation by the porous oxide electrode under transient state was observed from the P(O 2 ) variation in the reactant gas flow. The amount of oxygen released or incorporated agreed with the expected value from the nonstoichiometry data determined by high temperature gravimetry and coulometric titration. 41 Confirmation of nonstoichiometry variation in the oxide electrode with electrode overpotential was also made on PLD films: La 1¹x Sr x CoO 3¹D electrode film was prepared on gadolinia doped ceria, GDC, by PLD technique and the nonstoichiometry was evaluated from C E . It was found that C E of the film prepared by PLD was of the same order, however, with obvious negative deviation from the value expected from the reported bulk nonstoichiometry (a) Origin of pseudo (chemical) capacitance: oxygen reservoirs around reaction path (b) abrupt change of gas phase µ(O 2 ); response mechanism of potentiometric gas sensors Relaxation of porous gas electrode after Figure 5 . Chemical capacitance and response of potentiometric gas sensors.
Electrochemistry, 82(10), 819-829 (2014) data. That is, the oxygen deficient nonstoichiometry is much smaller, than the bulk materials. 46, 68 This is contradictory to the electrode prepared by painting slurry, suggesting the problems in the use of PLD techniques. In PLD technique, due to the crystallographic mismatch with substrate, the film showed polymorphism. PLD films are usually very similar to the bulk materials but, in nature, metastable polymorphism the structure of which depends on the substrate of the film during the preparation. 102 6. Mixed Chemical Potential Effect/Surface Chemical Potential Anomaly 6.1 Mixed chemical potential effect/impurity gas/chemical potential pumping effect In many occasions, equilibrium is hardly attained only in the isolated gas phase because there is no catalyst. When catalysts are inserted in the gas, equilibrium is attained essentially on the catalytic surface. Then, on the surface of catalyst, unusual chemical potential may appear under the progress of catalytic reaction. Figure 7 shows the schematics of the catalytic reaction on an oxygen reservoir that can be a surface adsorption layer or an oxide bulk. Under the progress of such catalytic reaction, the oxygen chemical potential is different from the one expected from the majority species in the gas phase. Basically, the oxygen chemical potential is in between the one determined by oxidant gas and that by reductant gas. That can be called mixed chemical potential effect. In some case, this effect causes an unexpectedly large oxygen potential deviation in the catalysts. For example, small amount of NO 2 in the oxygen atmosphere give extraordinary high effective oxygen chemical potential in catalysts. [103] [104] [105] This effect was named chemical potential pumping effect, 105 because high oxygen chemical potential of diluted gaseous specimen, such as NO 2 , is accumulated in nonstoichiometric oxide to be an effective potential.
This chemical potential mixing effect is observed in chemical sensors as impurity effects. The appearance of this phenomenon in the gas electrode of SE cells is very similar to the mixed potential effect in aqueous electrolyte electrochemistry with charge transfer controlled kinetics. Examples for the chemical potential mixing effect are shown in Fig. 2 . 65 When diluted H 2 -H 2 O gas mixtures and diluted CO-CO 2 gas mixtures are introduced on Au electrode as in Fig. 2 , two type redox reaction takes place at different sites, sharing the surface adsorption layer. The oxygen chemical potential on the Au surface is considered to be fixed at point A in Fig. 2 . When diluted H 2 -H 2 O or CO-CO 2 with the compositions in Fig. 2 is introduced into oxygen atmosphere with P(O 2 ) = 0.02 bar, the oxygen potential on Au surface is at the point B or C. When the gas phase P(O 2 ) varies to 0.2 bar, the point C moves to the point D. Such mixed chemical potential effect may appear as the impurity disturbance of the oxygen gas sensor. 26, 28 One may use this effect to construct gas sensors. 32, 39, 65 6.2 Surface chemical potential anomaly/impurity phase effect/ surface reaction enhancement When catalytically active phase for oxygen reduction is dispersed on rather inactive base surface, the surface oxygen potential may become uneven. This effect was found by Sase as the enhancement of oxygen decomposition reaction on perovskite-type La 1¹x Sr x CoO 3 oxide electrode surface with the dispersion of La 2¹y Sr y CoO 4 phase on it and detailed analysis was reported. 52, 53, 56 Conceptually similar effect was already employed by many researchers such as GDC anode dispersed with Ni.
New Experimental Techniques
Morphology control and evaluation 7.1.1 Porous electrode
To determination the electrode reaction path for porous electrodes, it is vitally necessary to know the relationship of electrochemical properties with TPB length and closely contacted area of WE/SE interface. A primitive approach was made to estimate the length of triple phase boundary, TPB, of the gas phase/ electrode/solid electrolyte. 24 From the SEM image of the crosssection of the porous electrode/electrolyte interface, estimation was made for the average diameter of the contact area of electrode particle to the electrolyte surface and the density of the electrode particle. From these parameters, we can obtain the total length of the TPB and the total area of the closely contacted electrode/ electrolyte interface. It was shown that the former is almost proportional to Q E for the perovskite-type manganite while the latter is proportional to C E . 23, 24 This approach was also applied to GDC anode on YSZ. 
Nickel pattern electrode
In principle, the length of TPB and the area of closely contacted WE/SE interface can be prepared by dense film formation and photolithography. In reality, there exist many difficulties. You can easily prepare conducting films but it is not easy to prepare dense films without pores or cracks. Photolithography may not apply to any materials. The electrode is used at high temperature. When the temperature of the prepared pattern electrode is raised, thermal stress is expected. Films and substrate surface may be roughened due to grain growth.
The author and co-investigators employed Ionized Cluster Beam (ICB) method for dense Ni film on YSZ and somehow succeeded to prepare pattered electrode. 29, 31, 63 ICB film is known to attach very strongly to the substrate, because the beam components get energy in between evaporation and ion-implantation. Similar trials have been continued by many groups on ceramic electrodes as well as metal electrodes.
Pattered electrode was also tried by the author's group by preparing the ceramic pellet with metal mesh buried in it. By careful polishing, we can obtain the TPB in plane so that we can observe dynamic TPB in-situ.
71,74
Dense film electrode
Dense film electrode on SE is desirable for model electrode to study the kinetics with bulk diffusion path, as well as the materials for patterned electrodes. The author tried dense Pt and Au electrodes by sputtering and evaporation on YSZ, to find out that the prepared electrodes had high performance as gas electrode, suggesting that the prepared films processed micro-pores or micro-cracks and had large TPB area. 17 Similar things have often been experienced. In the latter 1980s, strong excimer laser became popular and the oxide film preparation by laser ablation technique with excimer laser became established by several research groups including NKK group and high-temperature superconducting oxides were the major target of the research. The La 1¹x Sr x MnO 3+D , LSMO, film supplied to the authors' group was one of the earliest stage PLD films prepared besides superconductor oxides by NKK. 33 However, the PLD film has problems. One is the structural deviation from bulk materials, resulting also in the defect structural variation. 46, 68, 102 Another is the remaining TPB. Although almost all the data follow the trend expected for dense electrodes 33, 48 at high P(O 2 ) of above 0.1 bar at 700-900°C, 33, 68 some of the data deviate from the trend of dense electrode and rather follow the tendency of the reaction via TPB.
New electrochemical probe: POS and micro POS
EMF of a potentiometric oxygen sensor is determined by the difference in L O between WE/SE interface and RE/SE interface. That is, there is no necessity for the SE of potentiometric sensor to be dense. You can measure the oxygen potential of metal surface just touch the end of porous YSZ probe with Pt electrode on the other end exposed to air, and measure the electrostatic potential difference of the Pt electrode and metal to measure the EMF. The EMF represents the surface oxygen potential of metal. This is the concept of Porous Oxygen Sensor (POS). 40 By modifying AFM apparatus, we prepared micro-POS and determine L O profile on the surface of LSMO from TPB of LSMO/SZ to confirm the surface diffusion kinetics. 40, 51 7.3 In-situ spectroscopy; FTIR/Raman Microspectroscopy/ Xanes The author's group developed various micro-size half-cell set-ups for use in variety of in-situ spectroscopic researches. According to the surface diffusion model on Pt/SZ interface, 17 concentration of O ad on Pt surface may vary with chemical overpotential, G chem . In situ FTIR measurements were made on the surface of Pt near the triple phase boundary as a function of overpotential at 773 K in the atmosphere of P(O 2 ) = 3 © 10 4 Pa. Decreasing in the O ad peak with cathodic overpotential was confirmed. 47, 49 In situ Raman microspectroscopy was done by preparing the micro fuel cell type set up with transparent silica wall for anode side and specially prepared model nickel electrode with nickel mesh buried into YSZ, as described in 7.1.2. 71, 74 The TPB of Ni/YSZ in CH 4 -H 2 O atmospheres were studied. Similar work was also done with Pt/YSZ electrodes. In situ observation of the carbon deposition and development was clearly recorded.
Recently, cation valence state variation from TPB became able to be analyzed utilizing XANES measurements under in-situ conditions, changing incident angles with micro X-ray beam of high power beam radiation facilities. 58 At present, these in-situ spectroscopies seem still in their initiation stage, and the obtained results are in a manner to confirm the theoretically predicted phenomena. In the near future, these techniques may give us new facts to stimulate the development of physicochemical theories.
Semi in-situ measurements; application of SIMS
In this paper, flux of oxide ion in electrodes and electrolytes is schematically displayed in Fig. 1, Fig. 5(b) and Fig. 6 . When we introduce 18 O in the gas phase of WE and polarize the WE/SE to cathodic direction, we can observe the sum of natural isotope exchange and ionic transport driven by polarization by the distribution of 18 O. 42, 51 The enhancement of surface reaction of La 1¹x Sr x CoO 3¹D by the dispersion of La 2¹x Sr x CoO 4 was confirmed by SIMS. 52, 53 Using tracers and SIMS analysis after quenching, we can visualize the reaction path three dimensionally.
7.5
In situ high temperature mechanical properties under operation conditions Recently, mechanical properties of SOFC or SOEC materials become often measured at high temperatures under operating gas conditions. An example of this type of works the author contributed is the mechanical properties of Ni-YSZ cermet under SOFC operating conditions, showing its very large ductility, 76 suggesting the reason for the mechanical toughness of SOFCs with Ni-YSZ anode supported type. So far the author has noticed, no report has been published for the mechanical characteristic of high temperature cells under varying chemical overpotential.
Mechanical Properties/Future Prospects
In this paper, based on the author's studies, overview was made on the gas electrode reaction on solid oxide electrolytes. The electrode reaction is controlled by chemical reaction on the electrode and the overpotential is related to the chemical potential variation at the electrode/electrolyte interface. Due to nonstoichiometry of electrode and electrolytes, lattice volume of electrode and electrolyte varies independently with overpotential. Therefore, the interface may always experience tensile and compressive as well as shear stress. This may cause the replacement of the interface or bending and fracture of the cell itself.
When the reaction takes place, heat comes in or comes out. Thus, at the electrode/electrolyte interface, heat flow always exists and heat flow accompanies temperature gradient. Then, due to thermal expansion, volume of electrode/electrolyte varies with reaction. Thus, when the reaction on the electrode/electrolyte interface is inhomogeneous, there appears thermal flow along the interface, resulting in thermal stresses, and thermal inhomogeneity enhances the local reactivity variation to enhance the inhomogeneity of the local reactivity of the electrode/electrolyte interface.
The important unexplored field of the gas electrode kinetic studies on solid electrolytes is considered "mechanoelectrochemistry", 106 the field for mechanical aspects of chemical overpotential.
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